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The separated electric and magnetic field responses of luminescent 1 bacteria exposed to pulsed microwave irradiation Wales, UK 9 exposure the bacteria gave reproducible responses and recovery in light emission. At the lowest 23 pulsed duty cycle (1.25%) and after short durations (100 ms) of exposure to the electric field at 24 power levels of 4.5 W rms, we observed an initial stimulation of bioluminescence, whereas 25 successive microwave pulses became inhibitory. Much of this behaviour is due to thermal effects, as 26 bacterial light output is very sensitive to the local temperature. Conversely, magnetic field exposure 27 gave no measurable short-term responses even at the highest power levels of 32 W rms. Thus, we 28 were able to detect, de-convolute, and evaluate independently the effects of separated electric and 29 magnetic fields on exposure of a luminescent biological system to microwave irradiation. 30
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Over the last 40 years, a number of insights into the effects of non-ionizing microwave and 32 millimetre-wave radiation on living cells and organisms have been presented, although their 33 interpretation remains controversial 1, 2 . Many of these publications concern incident power exposure 34 at levels well below the threshold deemed safe for human treatment regime 3 . The unusual nonlinear 35 responses observed, both in terms of power and frequency dependences, often suggest non-thermal 36 3 interaction of electromagnetic fields with biological rhythms in humans 4 shown schematically in Figure 1 for the case of a circumferential sample tube for magnetic field 44 excitation, and were evaluated by FEM using Poisson Superfish software (Los Alamos National 45 Laboratories 10 ). The cavity's inner radius is 4.6 cm, giving a resonant frequency of approximately 2.5 46
GHz when empty. The inner length is 4.0 cm, which is long enough to ensure high uniformity of the 47 axial E field (i.e. it is ostensibly not affected by the sample holes) but short enough to ensure that the 48 TM 010 mode is spectrally well-separated 11 from other modes, the next nearest mode beingTM 110 at 4 49
GHz. Excitation of the TM 010 mode is provided by a loop-terminated N-type connector, which couples 50 to the H field around the perimeter of the cavity. The unloaded quality factor Q of the empty cavity 51 is measured to be 3000. The coupling loop can be both rotated and moved in and out of the cavity to 52 achieve critical coupling, whereby virtually all incident power is absorbed by the cavity and its 53 contents. 54
A schematic of the external microwave circuitry is shown in Figure 2 included for detailed measurement of the power profile of the reflected pulses. The instruments are 63 controlled using National Instruments LabVIEW software, which also records all power readings. The 64 system was arranged to deliver pulsed input power of 4.5 W rms for electric field excitation, or up to 65 32 W for magnetic field excitation. 66
Vibrio fischeri bacteria (strain NRRL-B-11177) were cultured in a sea water broth (for 20-24 h 67 at 25°C with 150 rev/min shaking) to stationary phase, the point at which the bioluminescence 68 pathway is activated, as described by Scheerer et al. 12 . Traces of culture medium were removed by 69 washing twice in artificial sea water buffer by centrifugation (MSE, 10 min, 3000 g). Cells were then 70 pumped into the Tygon® tube, which passed through the 5 mm diameter entrance and exit ports in 71 cavity walls. From the field distributions of Figure 1 (a) it can be seen that when the tube is run along 72 cavity axis the bacteria are subjected primarily to E field excitation. Conversely, when a section of 73 the tube is run around the circumferential wall (as actually shown in Figure 1 ) they are subjected 74 primarily to H field excitation. Before exposure, the coupling loop is carefully adjusted to ensure 75 almost critical coupling, whereby the cavity (plus sample load) is impedance matched to the 50  76 system impedance and all of the input power is delivered to the cavity and its contents. This is 77 confirmed by careful initial measurements of reflected cavity power as a function of frequency 78 measured using a network analyser (Agilent Fieldfox N9923A), before reconnecting to the power 79 delivery system shown in Figure 2 . Individual pulse widths were fixed at 100 ms and the duty cycle 80 was varied from 1.25% to 100%. An optical fibre was attached to the sample tube and connected to 81 a photon counting head (Hamamatsu H7467). The photon counts emitted by the bacteria were then 82 measured under microwave excitation using an integration time of 100 ms to reduce measurement 83 noise. 84
A crucial factor in the design and conclusions of our experiments is the very high degree of E 85 and H field spatial separation produced by simply changing the position of the sample. This 86 5 separation can be demonstrated experimentally. When E field excited, the axial sample reduces the 87 resonant frequency from 2.50 GHz to 2.48 GHz (i.e. a reduction of 20 MHz), and the Q factor reduces 88 dramatically from 3000 to 50. This shows the very effective coupling to the E field in this sample 89 orientation. When H field excited, the circumferential sample reduces the resonant frequency by 90 only 1.5 MHz, with no measureable effect on Q. This indicates that there is negligible E field around 91 the perimeter of the cavity (as expected from Figure 1(b) ). Furthermore, any residual electric field is 92 perpendicular to the axis of the sample tube, reducing the E field magnitude within the sea water 93 even further by depolarisation owing to its large relative permittivity  (around 80 for its real part 13 ). 94
The high degree of field separation is reinforced by the simulated field distribution plots of 95 Figure 1 , which shows the perturbed electric and magnetic fields when a circumferential sample is 96 present. In Figure 1 the perturbations have been exaggerated by simulating a much larger diameter 97 tube (of inner diameter 2 mm instead of the practical case of 0.9 mm), placed nearer the axis (3.7 cm 98 from the axis, instead of 4.47 cm in the practical case). As can be seen, the reduction of electric field 99 (Figure 1(a) ) within the sample is almost total due to depolarisation, whereas the magnetic field 100 (Figure 1(b) ) is almost unaffected. For an axial sample the electric field within the sample is 101 approximately the same of that of the unperturbed cavity, whereas the magnetic field within the 102 sample is enhanced over the unperturbed case (by a factor of approximately ||) owing to the 103 increased displacement current within the dielectric sample. The calculated values of the peak E and 104 H fields averaged over the sample volume for the two sample orientations (with rms input powers of 105 4.5 W for E field excitation and 32 W for H field excitation) are shown in Table 1 . These values are for 106 the actual practical case of a 0.9 mm diameter sample, placed on axis or circumferentially a radial 107 distance of 4.47cm from the axis. The electric field magnitude for the axial sample is a factor of x114 108 larger than for the circumferential sample (i.e. a field intensity E 2 increase of x12900); the magnetic 109 field magnitude for the circumferential sample is a factor of x11.2 larger (i.e. a field intensity H 2 110 increase of x126). We conclude that any action for the axial sample is driven by the E field, whilst for 111 the circumferential sample is driven by the H field. 
